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Abstract: Heat stress is one of the abiotic stresses that cause a significant reduction in barley yield. 
Climate change will increase the number of heatwaves, which will result in more deterioration in 
the agricultural sector. Therefore, understanding the physiological changes that occur in the plant 
to tolerate heat stress is very important. A collection of 60 Egyptian spring barley genotypes has 
been tested for heat stress under field conditions. To quantify the changes in yield-related traits and 
the grain-reserve parameters as indicators for heat tolerance, several traits were scored. The 
causative genes that regulate the variation of all traits of interest were identified via single-marker 
analysis using 16,966 single nucleotide polymorphisms (SNP). Heat stress reduced yield-related 
traits, while some physiological traits (chlorophyll index, soluble carbohydrates, amino acids, and 
proline contents) increased. The genotypes were classified into four classes, A, B, C, and D, based 
on a reduction in grain yield per spike (GYPS) of 10%, 20%, 30%, and 40%, respectively. The 
physiological aspects were extensively studied in each group. The tolerant genotypes (class A) 
retained high yield-related traits as well as high reserved metabolites relative to the sensitive class 
D. The single-marker analysis and gene annotations revealed that the most effective markers and 
genes resided on chromosomes 1H and 4H. One of these markers, S4_250499621, was found to be 
associated with increased proline content, increased chlorophyll content, and decreased reduction 
in grain yield per spike and thousand kernel weight. This study is a part of our extended evaluation 
of this collection under various abiotic stresses at different developmental stages to develop climate-
resilient crops. 
Keywords: barley; grain metabolites; heat stress; single marker analysis; yield 
 
1. Introduction 
Food security is one of the most pressing global issues, particularly with recent global climate 
change, which adversely affects plant development and yield. Owing to global warming, mainly heat 
waves, the expected rise in average day temperature or shift to warmer seasonal temperatures will 
substantially reduce crop productivity and quality. Like other cereals, barley is very vulnerable to 
high temperatures, leading to poor plant growth, plant development, and lower productivity. 
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Furthermore, winter-season climate changes globally often have short-term cool periods and longer 
warm periods. Plants grown in these conditions could be subjected to heat stress, particularly during 
the reproductive and grain-filling stages [1]. Lobell et al. [2] suggested that increasing the average 
daily temperature by a few degrees would cause considerable reductions in grain yield. For instance, 
temperature rises of 3–4 °C resulted in reduced crop yields of 15%–35% in Africa and Asia, and by 
25%–35% in the Middle East [3]. Weichert et al. [4] reported that barley had a 15% reduction in yield 
parameters due to heat stress. Heatwaves caused significantly lower grain yields, with major 
implications for future global food security [5]. Fang et al. [6] suggested that high temperatures 
during the day, followed by high night temperature, might increase the damaging impact, giving rise 
to high losses of yield. 
The impact of heat stress depends on the intensity and duration of the heat stress as well as the 
growth stage of the cereal crops [7]. Wahid et al. [8] identified that elevated temperature is most 
harmful at gametogenesis (8–9 days before anthesis), anthesis, and embryo fertilization. This may be 
ascribed to high temperatures that induce multiple physiological, reproductive, and biochemical 
alterations in plants that influence plant development and eventually lower economic yield [9]. The 
co-occurrence of high temperatures and low humidity leads to water-stressed conditions due to 
higher evaporation and transpiration. The elevated air temperature increases soil temperature, 
thereby reducing soil water content [10]. High-temperature stress reduced the yield-related 
parameters such as the number of spikes and the number of florets per plant in rice (Oryza sativa L.) 
and seed-set in sorghum (Sorghum bicolor L.) was also reduced under similar conditions [7]. Among 
all physiological traits, photosynthesis is the most sensitive biological process influenced by high 
temperature. The higher the temperature above the optimal temperature, the slower the 
photosynthetic rate [11,12]. Severe cellular injury or death may occur at moderately high 
temperatures after long-term exposure or within minutes at very high temperatures [8]. The main 
injuries caused by high temperatures include protein denaturation or degradation, increased fluidity 
of membrane lipids, loss of membrane integrity, and enzyme inactivation [13]. The grain yield in 
cereals and oilseed crops are adversely affected by heat stress and it reduced the grain oil, starch, and 
protein content [14,15]. Soluble carbohydrates, starch, and proline are other metabolites that have 
been influenced by heat stress and may also play a pivotal role in the plant’s response to heat stress 
[16,17]. 
A successful approach to develop heat-tolerant cultivars has been the evaluation of the targeted 
plant material under specificconditions to select the best genotypes [18]. This procedure can be 
followed by marker–trait association analysis to identify the candidate genes that are involved in the 
variation of the morphological and physiological traits. Relative to other abiotic stresses such as 
drought, the contribution of physiological parameters such as reserved metabolites, as well as the 
genetic control of heat stress in barley, is poorly understood. Few studies have dealt with the 
mapping of quantitative trait loci (QTL)/genes that regulate heat tolerance during flowering and seed 
setting in barley. An exception is the six QTLs for heat stress mapped in barley on chromosomes 3H, 
4H, 5H, and 6H. The QTL on chromosome 5H was mapped very close to an earlier reported QTL for 
root length and the root–shoot ratio [19]. Two studies dealt with the transcriptomic changes of genes 
under heat stress in barley. Using the Affymetrix 22K Barley1 GeneChip microarray, Mangelsen et 
al. [20] found that heat stress induced the expression of 958 genes, whilst 1122 genes were 
downregulated in the developing barley grains. The downregulation of genes tailors the storage 
compounds’ biosynthesis as well as cell growth, indicating that heat stress rapidly impaired the grain 
development. Templer et al. [21] mapped 25 metabolic QTL under heat stress and/or drought stress 
in barley, among which three QTLs coincided with key player genes in these metabolites’ 
biosynthesis pathways. Weichert et al. [4] investigated the effect of barley sucrose transport gene 
(HvSUT) on seed quality and seed yield in wheat under heat stress. By exposing plants to heatwaves, 
they found that the expression of this gene in a winter wheat cultivar (cv. Certo) increased the grain 
yield, grain size, and above-ground biomass. In the wild-type, the heatwave decreased the grain 
yield, the aboveground biomass, grain size, starch, and water content, but increased grain sucrose 
content. 
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Thus, the objectives of the present study are (1) to estimate the variation of yield-related traits as 
well as physiological traits under heat stress during anthesis and seed setting, (2) to detect the genes 
that regulate the variation of these traits under heat stress, and (3) to identify the best selection 
indicators to develop a new strategy to select for heat tolerance in barley. 
2. Materials and Methods 
2.1. Experiment Layout and Planting Conditions 
A collection of 60 Egyptian spring barley accessions and varieties was used in the current study 
(Supplementary Table S1). The pedigree and genetic diversity of this collection have been outlined 
by Elakhdar et al. [22]. The genotypes were tested in two growing seasons (2015 and 2016). In each 
season, there were two sowing dates. The first sowing date was in November at the optimum sowing 
time (at anthesis, temperatureswas optimum for grain yield). The second sowing date was one month 
later in December (at anthesis, temperatures exceeded 35 °C, i.e., higher than the optimal temperature 
for grain yield). A randomized complete block design was used where the seeds were cultivated in 
one-row plots (20 seeds/row). Irrigation in both treatments and season was applied every 15–20 days 
throughout the season. The detailed experimental design and sowing dates were described by Sallam 
et al. [23]. 
2.2. Meteorological Data 
The maximum and minimum daily temperatures which coincided with post-anthesis stages of 
barley development are illustrated in Figure S1. These data represent heat stress based on decreasing 
the cool period and increasing warm period in plant development, thus heat-stressed plants were 
exposed to high-temperature conditions at anthesis and thereafter, whilst the normal growing plants 
were at near-optimal and normal temperatures during the grain filling stage. 
2.3. Yield Attributes and Physiological Traits 
2.3.1. The Yield-Related Traits 
In control and heat-stressed plants, the following traits were measured for each genotype in the 
two growing seasons; days to flowering as the days from sowing until 50% flowered spikes per plot 
(DTF, day), grain yield per spike as the grain’s weight in a gram of the main spike (GYPS, g), yield 
per plot (YPP, g/plot), grain’s weight in gram per plot, and thousand kernel weight (TKW, g) (Table 1). 
Table 1. The names, abbreviations, and descriptions of measurements of all traits. 
Trait Abbreviation Description of Measurement 
Grain Yield per Spike GYPS Grain weight in gram per spike 
Yield per Plot YPP Grain weight per area 
Days to Flowering DTF Days from sowing to 50% flowering 
Chlorophyll at Flowering CCF Measured by SPAD 
Leaves Water content WC WC = )
FW-DW
FW
) × 100 
Starch Str Fales (1951) and Schlegel (1956); mg/g DW 
Carbohydrates Carb Fales (1951) and Schlegel (1956); mg/g DW 
Protein content PC Lowery et al. (1951); mg/g DW 
Amino acids AA Moore and Stein (1948); mg/g DW 
Proline Pro (Bates et al. 1973); mg/g DW 
Each trait was estimated under control and heat stress conditions as described in Table 1. 
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2.3.2. The Physiological Traits 
Chlorophyll Content (CCF) 
Total chlorophyll content was measured at anthesis in the two growing seasons (2015 and 2016). 
The CCF was measured in the middle of the flag leaf using a chlorophyll meter (SPAD-Meter, Konica, 
Minolta 502, Tokyo, Japan). 
Leaf Water Content (WC) 
Fresh (FW) and dry weight (DW) of plant flag leaves at anthesis were weighed for estimating 
water content by the following equation: 
Leaf water content = [(FW − DW)/FW] × 100  
The WC was measured in both growing seasons. The flag leaves (5 leaves per line) were dried 
in an aerated oven at 70 °C for 72 h. 
Grain Reserved Metabolites 
Under each condition, the barley grains from the two growing seasons were bulked over three 
replications for each genotype and ground into flour. From each genotype, 0.1 g grain flour was 
boiled in glass tubes containing 10 mL distilled water for 2 h. After centrifugation, the supernatants 
were used for soluble carbohydrates, soluble protein content (PC), and amino acid (AA) 
quantification, whereas the pellets were kept for starch analysis. The pellet was resuspended in 5 mL 
of dilute perchloric acid solution (9.2 mM) and kept at 100 °C for 30 min. After centrifugation, the 
supernatant was used for starch detection. The grains soluble protein was estimated based on the 
method of Lowry et al. [24] using bovine serum albumin as the standard. Total free amino acid 
contents were estimated by the ninhydrin method, using glycine as standard following the protocol 
of Moore and Stein [25]. The anthrone-sulfuric acid method, described by Fales [26] and Schlegel [27], 
was used for the detection of soluble carbohydrates (Carb) and starch (Str.). Proline content (Pro) of 
the grains was extracted in 5-sulfosalicylic acid, where the produced supernatant was used for the 
determination of proline according to the method of Bates et al. [28]. A full description of the trait’s 
full names, abbreviations and method of measurement is illustrated in Table 1. 
Physiological Changes Due to Heat Stress 
To better understand the physiological traits that the plant uses to alleviate the effects of heat 
stress, we first estimated the reduction in grain yield per spike due to heat stress, and then we 
classified all genotypes into four categories; class A, class B, class C, and class D for genotypes that 
had a 10%, 20%, 30% and >40% reduction in GYPS due to heat stress. Secondly, we studied in each 
class the average changes in CCF, WC, AA, Pro, PC, Str, and Carb due to heat stress. Genotypes in 
class A were considered the most heat tolerant genotypes, while those in class D were considered 
very heat-susceptible genotypes. Genotypes in classes B and C were considered as having 
intermediate tolerance to heat stress. 
Based on the average of each trait, the reduction or increment due to heat stresses was estimated 
for all physiological, and yield data as a percentage relative to control. 
% Change of a trait = )
 TH
TC
 × 100(-100  
where TH and TC is the mean of a trait for each genotype under heat stress and control conditions, 
respectively. 
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2.4. Principal Component Analysis (PCA) 
Principal component analysis was conducted among all traits according to Julkowska et al. [29]. 
2.5. Statistical Analysis 
The analysis of variation and phenotypic correlation analyses was performed using PLABSTAT 
[30]. The analysis of variance for yield traits was described in [23]. Chlorophyll content and leaf water 
content were scored in the two growing seasons. The replications of each year were averaged for each 
genotype. Therefore, the statistical model was used as follows: 
Yijk = μ + yi+ gj + ygij  
where Yijk is the observation of a genotype i in a year and μ is the general average; gj, and yi refer to 
the effects of genotypes and years, respectively. ygij is genotype × year interaction (error). 
As seeds from two seasons were bulked under each condition (heat and control), the statistical 
model for other physiological traits was as follows: 
Yij = μ + gi+ rj + grij  
where Yij is an observation of genotype i in replication j under each condition, and μ is the general 
mean; gi and rj are the main effects of genotypes and replications, respectively; grij is the genotype × 
replication interaction of genotype i with replication j. 
All graphical presentations were made by EXCEL 2016 and R software 3.5.1 [31]. 
2.6. DNA Extraction and Genotyping-by-Sequencing (GBS) 
Four to five leaves from each genotype (twenty-five-day-old plants) were collected to extract 
DNA. The extraction protocol was done by DNAzol Reagent (Molecular Research Center, Inc. 
Technical Bulletin 6, Cincinnati, OH, United States). The concentration of DNA for each genotype 
was measured using spectrophotometry (Gen5TM microplate reader and image software with 
Take3TM micro-volume plates (BioTek, Winooski, VT, USA) and prepared for GBS. The DNA of each 
genotype was genotyped using GBS by digesting the DNA with two different restriction enzymes, 
PstI, and MspI as described in Poland and Rife [32]. Pooled libraries were sequenced using Illumina, 
Inc. NGS platforms. The reads of the sequence were used for single nucleotide polymorphism (SNP) 
calling using TASSEL 5.0 v2 GBS pipeline [33]. A Barley cv. Morex, version MorexV2 was used for 
identifying SNP markers, their physical position, and localization. The GBS results in 25,700 single 
nucleotide polymorphism (SNPs). The SNP markers identified were filtered for minor allele 
frequency (MAF > 0.05), maximum missing sites per SNP < 20%, and maximum missing sites per 
genotype < 20%. Heterozygous loci were then marked as missing to obtain better estimates of marker 
effects (Peter Bradbury, personal communication). The filtration process revealed 16,966 SNPs, which 
were used for further genetic analysis. 
Single-marker analysis (SMA) was used to test the associations between the 16,966 SNP markers 
and all phenotypic data scored on all genotypes. The analysis was done using R software following 
this model: 
Y = μ + f(marker) + error  
where Y is equal to the value of the respective trait value, μ refers to the mean of the population, and 
f (marker) is a function of the significant markers [34]. 
2.7. Candidate Gene Identification 
The physical positions of the significant SNPs (those with a pleiotropic effect on 1H and 4H) 
were used to find the candidate genes, which colocalize or are very close to them (around 0.5 Mbp). 
We used the recent barley genome dataset and geneset (BARLEX; http://apex.ipk-gatersleben.de) to 
annotate the genes as candidates. The physical positions in base pairs and their corresponding genetic 
position in centiMorgan (cM) of the significant SNPs were detected using the most recent versions of 
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the physical maps of barley [35,36]. Gene annotation for the candidate SNP markers was identified 
using Ensembl Genomes [37]. 
3. Results 
3.1. Yield-Related Traits 
Four yield-related traits, namely GYPS, YPP, TKW, and DTF, were estimated under control 
conditions, as well as under heat stress conditions. The histogram analysis for GYPS as the main yield 
trait under control and heat stress conditions is presented in Figure 1. For GYPS, the genotypes were 
normally distributed under both conditions. Nearly all the other traits showed a normal distribution 
under both conditions; control and heat stress (Figure S2). Under control, the mean values were 2.6, 
543.4, 51.2, and 90.6 for GYPS, YPP, TKW, and DTF, respectively (Figure 2a,b). Under heat stress, the 
mean values were 2.3, 397.5, 45.7, and 80 for GYPS, YPP, TKW, and DTF, respectively (Figure 2). The 
analysis of variation for yield traits was fully described previously [23]. All genotypes had high 
statistically significant genotypic differences under both conditions for all yield traits. 
 
Figure 1. The distribution of the grain yield per spike (GYPS) under control and heat stress during 
pre-anthesis in barley. 
 
Figure 2. The histograms show the yield-related traits and the physiological traits in barley under 
control and heat stress during pre-anthesis in barley. Traits were grouped based on the range of their 
values; (a) traits with values less than 50 and (b) traits with values more than 50. The analysis of 
variation for yield traits (yield per plot (YPP), GYPS, and thousand kernel weight (TKW)) was fully 
described previously by Sallam et al. [23]. 
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3.2. Physiological Traits 
The analysis of variance (ANOVA) showed a high genetic variation among genotypes for all 
physiological traits under control and heat stress conditions. Notably, F values among genotypes 
were higher under heat stress than under control conditions for all physiological traits except CCF 
and WC (Table 2). No significant differences were found among the three replications. 
Table 2. Analysis of variation (F-values among genotypes) for all physiological traits scored on the 
barley population under control and heat stress conditions. 
Trait Control Heat Stress 
Starch (Str) 62.42 ** 138.80 ** 
Carbohydrates (Carb) 101.95 ** 161.96 ** 
Amino Acid (AA) 862.45 ** 494.39 ** 
Protein content (PC) 22.42 ** 56.16 ** 
Proline content (Pro) 816.03 ** 979.71 ** 
** highly significant change at p = 0.01. 
The physiological traits CCF, WC, Str, Carb, PC, AA, and Pro varied diversely under heat stress . 
CCF, Carb, AA, and Pro increased on average for all genotypes under heat stress, whilst the 
remaining physiological traits decreased under heat stress, e.g., water content. For the traits that 
increased, the mean values were 24.6, 82.2, 7.5, and 1.2 under control and 26.7, 104.8, 8.4, and 1.9 for 
CCF, Carb, AA, and Pro, respectively, under heat stress (Figure 2a,b). For the decreasing traits—WC, 
PC, and Str—the mean values were 77, 101.5, 89.5 under control and 66.6, 96.4, and 85.7 under heat 
stress, respectively. 
3.3. The Principal Component Analysis (PCA) 
The principal component analysis (PCA) revealed that the positively correlated traits grouped 
together at dimension 1 (GYPS, YPP, TKW, Str, Pro, WC), whilst the negatively correlated trait (DTF) 
located at the opposite position. Both dimensions of PCA explained 47.3% of the variation presented 
in this collection (Figure 3a). The percentage contributions of the significant traits in the variation in 
the biplot dimension 1 were 22.9%, 17.2%, 14.9%, 14.0%, and 11.1% for GYPS, YPP, WC, Str, and Pro, 
respectively (Figure 3b). Accordingly, the GYPS was considered as a classification parameter. Based 
on the percentage reduction in GYPS, the genotypes were classified into four classes, namely A, B, C, 
and D (described below). 
  
(a) (b) 
Figure 3. (a) Principal component analysis for the percentage changes of the traits in barley under 
heat stress during flowering and seed set. Traits names, abbreviations, and measurements are listed 
in Table 1; (b) the percentage contribution of each trait in the principal component biplot dimension 
1 for the traits in barley under heat stress during flowering and seed set. 
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3.4. Correlation Analysis 
Three correlation analyses were performedamong traits under control conditions (Figure 4a), 





Figure 4. (a,b) Correlation of traits in barley (a) under control (b) under heat stress during pre-anthesis 
in barley. The full names and abbreviations of the traits are listed in Table 1. X indicates the non-
significant correlations at p = 0.05; (c) correlation of the percentage changes in all traits in barley. The 
full names and abbreviations of the traits are listed in Table 1. X indicates the non-significant 
correlations at p = 0.05. *,**, and *** encode to significane levels at 0.05, 0.01 and 0.001, respectively. 
Under control conditions for the yield-related traits, the correlations were positive and 
significant between GYPS and YPP with r = 0.52**, GYPS and TKW with r = 0.29*, and negative and 
significant between GYPS and DTF with r = −0.31*. For the physiological traits, all the significant 
correlations were positive, and the highest was observed between Str and Carb with r = 0.94*** (Figure 
4a). Among the yield-related traits and the physiological traits, CCF was significantly correlated with 
GYPS (r = 0.27*), and DTF (r = −0.36**). Unexpectedly, Str negatively and significantly correlated with 
YPP with r = −0.25*. 
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Under heat stress, on the other hand, the magnitude of correlations decreased or became non-
significant. There was a positive and significant correlation between GYPSH and YPPH (r = 0.64***). 
For physiological traits, significant correlations were found between StrH and CarbH (r = 0.47***), 
WCH and YPPH (r = 0.26*), and WCH and PCH with r = 0.29* (Figure 4b). 
The correlations among the changes in the respective traits had very interesting results. All the 
changes in physiological traits exhibited significant correlations with the reduction in GYPS, except 
AA and TKW. The highest positive and significant correlations with the reduction in YPP were 
observed for the changes in WC (r = 0.68**). Similar correlation sizes were found between the 
reduction in GYPS and both changes in Str and Pro with r = 0.57*** and 0.58***, respectively. Notably, 
earliness in DTF had negative significant correlations with the reduction in yield-related traits (GYPS, 
r = −0.68*), as well as with the physiological traits as Str (r = −0.35**), and Pro (r = −0.27*). These results 
indicate that the percentage changes in the traits are more correlated with each other than the traits 
under each treatment independently, suggesting a common genetic control and/or cross-talked 
pathways. 
In agreement with the PCA outcomes, the traits that were grouped in biplot dimension 1 had 
significant positive correlations under control and heat conditions, as well as between the percentage 
changes corresponding to those traits (Figure 3a,b and Figure 4a–c). 
3.5. Percentage Changes and Classification of the Genotypes into Four Classes 
The reduction in GYPS under heat stress relative to control was found to be genotype-
dependent. Therefore, based on the percentage reduction in the GYPS, the 60 genotypes were 
classified into four classes, namely A, B, C, and D (Table 3). 
Table 3. Ranges of the percentage changes in all traits of control and heat stressed plants in the four 
classes, A, B, C, and D. 
Trait 
Class A (≤10%) Class B (≤20%) Class C (≤30%) Class D (≤40%) 
Min Max Mean Min Max Mean Min Max Mean Min Max Mean 
Yield-Related Traits 
GYPS −0.35 −9.97 −5.27 −10.12 −17.96 −13.88 −20.33 −29.10 −24.07 −33.66 −39.87 −36.63 
YPP −0.61 −28.25 −16.21 −9.92 −50.57 −30.96 −7.68 −56.61 −35.02 −32.59 −61.84 −49.34 
TKW −1.39 −24.22 −10.91 −3.07 −15.07 −9.90 −0.36 −18.57 −7.95 −22.22 −29.67 −25.81 
DTF −6.52 −19.47 −12.41 −8.45 −16.62 −12.18 −8.49 −14.36 −11.56 10.37 −9.94 −2.87 
Physiological Traits 
CCF −22.94 69.96 14.54 −22.59 30.17 8.16 −15.61 35.18 13.94 −17.13 −27.03 −22.68 
WC −21.17 9.54 −9.25 −26.80 6.19 −10.60 −13.53 −37.94 −21.32 −24.83 −33.60 −28.58 
Str −13.68 109.31 10.84 −43.64 45.78 −8.99 −4.76 −41.27 −22.15 −45.88 −53.63 −50.76 
Car −51.39 248.65 54.56 −23.67 169.90 47.52 −48.81 120.82 14.07 −34.54 −55.42 −43.20 
AA −88.13 561.62 63.04 −74.39 463.27 116.44 −83.58 355.75 12.78 −50.99 60.98 −13.35 
PCC −36.68 325.63 56.70 −90.85 371.32 −10.16 −84.65 141.29 −22.10 0.00 −52.97 −28.20 
Pro −1.27 356.09 126.29 −4.15 239.84 92.31 −50.60 210.73 2.57 −47.60 −64.13 −54.44 
Traits are abbreviated in Table 1. Min = Minimum, Max = Maximum. 
The next section shows a comparative presentation of the percentage changes in each trait 
among the four classes. The reduction in GYPS of heat-stressed plants relative to control plants was 
≤10%, ≤20%, ≤30%, and ≤40% for classes A, B, C, and D, respectively (Table 3). The 60 genotypes were 
distributed into the four classes, with 30, 13, 14, and 3 genotypes in classes A, B, C, and D, 
respectively. The average reduction in GYPS of the four classes was −5.97%, −13.88%, −24.07, and 
−36.63% for A, B, C, and D, respectively (Table 3). Accordingly, genotypes in class A included the 
most tolerant genotypes; B and C were intermediate, while D is the most sensitive class. 
In the four classes, yield-related traits substantially decreased under heat stress (Figure 2a,b). 
Noteworthily, class A had the lowest reduction in all parameters except for DTF. Class A had the 
highest reduction in DTF, which is a positive sign for avoiding heat stress by maturing earlier than 
the other classes (Table 3). Contrarily, the physiological traits such as CCF, WC, Str, Carb, AA, PC, 
and Pro did not show a regular pattern in the four classes. For example, in class A, there was a clear 
increase in all physiological traits under heat stress except for leaf water content. In contrast, all of 
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them remarkably decreased in class D (Table 3). However, for the remaining classes, the physiological 
traits changed inconsistently in each class, as some parameters increased, and the others decreased 
(Table 3). 
A dramatic increase in Pro, AA, PC, CCF, SC, and Str percentage in class A of heat-stressed 
plants compared to control was observed compared to the other classes (Figure 5). The data 
represented in Figure 5 also showed that protein content and starch content were strictly elevated in 
class A. However, some parameters increased in the other classes—the proline, amino acid, and 
soluble carbohydrate contents of stressed plants were increased for classe B, and surprisingly, amino 
acids were higher in class B than in class A. 
 
Figure 5. The percentage changes of all traits in the four classes; A (10%), B (20%), C (30%), and D 
(40%) under heat stress during pre-anthesis in barley. 
3.6. Single Marker Analysis and Gene Annotation 
The single-marker analysis (SMA) resulted in 88 significant associations between the genetic 
markers (SNPs, i.e., single marker polymorphisms) and the traits of interest (Table S2). The significant 
SNPs are distributed across the seven chromosomes of barley: 1H (10), 2H (16), 3H (11), 4H (17), 5H 
(13), 6H (16), and 7H (5). The highest number of significant SNPs for a trait was for changes in PC, 
with 32 SNP markers, and the lowest number was one SNP marker each for a reduction in TKW, 
reduction in GYPS, and changes in AA. Among the 88 detected significant SNPs, three markers were 
associated with the variation in more than one trait in a pleiotropic manner. Interestingly, on 1H, two 
SNP markers, S1_36778153 and S1_36778160, controlled the variation of the changes in PC and 
reduction in TKW under heat stress (Table 4 and Figure 6a). Additionally, the marker S4_250499621 




Figure 6. (a) Significant single nucleotide polymorphisms (SNPs) associated with changes in protein 
content (PC) and TKW and their candidate genes; (b) significant SNPs associated with the changes in 
chlorophyll content (CCF) and proline content (Pro), TKW, and GYPS and its candidate genes. Black 
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Gene annotation was done only for the aforementioned three markers that showed a pleiotropic 
effect and resided on chromosomes 1H and 4H. The two S1_36778153 and S1_36778160 located on 
chromosome 1H were found to be annotated to two genes; HORVU1Hr1G013700 which encodes to 
concanavalin A-like lectin protein kinase family protein and HORVU1Hr1G013720 which encodes 
Ras-related protein Rab-5A. The marker S4_250499621 was positioned with genomic regions that 
have two candidate genes, HORVU4Hr1G034530, which encodes to nodulin MtN21/EamA-like 
transporter family protein, and HORVU4Hr1G034590, which encodes to transcription initiation factor 
TFIID subunit 4b. Generally, several genes belonging to different functional protein groups were 
identified in the regions flanking the respective markers. The highest number of genes was mapped 
close to the two markers located on 1H. The genes on 1H had been annotated with proteins with 
various molecular and biological functions that are directly related to plant thermo-tolerance, such 
as ion binding proteins, lyases, ion and sugar transferases, hydrolases, protein kinases, chaperones, 
and oxidoreductases (Table 4). Of these, the gene HORVU1Hr1G013360 encodes for a 
hexosyltransferase that transfers the hexose monosaccharides such as glucose and fructose. 
Additionally, the gene HORVU1Hr1G013450 that encodes Alpha, alpha-trehalose-phosphate 
synthase, was mapped in the same region. This gene is involved in the biosynthesis of the trehalose, 
which is a non-reducing disaccharide. It acts as an energy source, osmolyte, or protein/membrane 
protectant. In addition, the gene HORVU1Hr1G013470 was annotated for Delta-aminolevulinic acid 
dehydratase that catalyzes the chlorophyll biosynthesis. Moreover, the gene HORVU1Hr1G013480, 
annotated for sugar transporter 1, is involved in sugar transport. Another important two genes on 
1H are HORVU1Hr1G013210 and HORVU1Hr1G013580, which encode IQ-domain 2 and importin 
subunit beta-1, respectively (Table 4). 
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Table 4. Candidate genes associated with the variation of the traits in spring barley under control and heat during flowering and seed setting. 
Trait Chr Gene Name Gene Start Gene End Gene Length Gene Annotation Orthologs 
PC, TKWH 1 HORVU1Hr1G013210 34083562 34088731 5170 IQ-domain 2 - 
PC, TKWH 1 HORVU1Hr1G013360 35213246 35218550 5305 Hexosyltransferase AT3G25140 









PC, TKW 1 HORVU1Hr1G013480 35679610 35683434 3825 sugar transporter 1 AT1G08890 
PC, TKWH 1 HORVU1Hr1G013520 35975927 35977108 1182 
Pectin lyase-like superfamily 
protein 
At3g16850 
PC, TKWH 1 HORVU1Hr1G013580 36169093 36172878 3786 Importin subunit beta-1 AT5G53480 
PC, TKWH 1 HORVU1Hr1G013600 36438691 36461615 22925 E3 SUMO-protein ligase SIZ1 AT5G60410 
PC, GYPS 4 HORVU4Hr1G034360 247366727 247371722 4996 
Nuclear transcription factor Y 
subunit C-3 
AT1G54830 
CCFH 4 HORVU4Hr1G034650 251600275 251637083 36809 
Protein ABERRANT POLLEN 
TRANSMISSION 1 
- 
TKWH 4 HORVU4Hr1G034750 252632653 252637368 4716 
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Likewise, on 4H, the genes encode different protein types that have several functions, such as 
developmental proteins, transmembrane binding proteins, lipases, and ligases. Of these, the gene 
HORVU4Hr1G034360 encodes the nuclear transcription factor Y subunit C-3 (NF-YC), which 
regulates the transcription of flowering genes. Another gene on 4H is HORVU4Hr1G034650, which 
encodes the protein ABERRANT POLLEN TRANSMISSION 1, which is involved in pollen tube 
development. The third gene on 4H is HORVU4Hr1G034750, which encodes U4/U6 small nuclear 
ribonucleoprotein PRP4-like protein, which is involved in embryo development (Table 4). A full 
description of all annotated genes on 1H and 4H was showed in Table S3. 
4. Discussion 
4.1. Yield-Related and Physiological Traits Variations 
In this study, over the whole population, the heat stress at pre-anthesis decreased all yield-
related traits, whilst for physiological traits, there was no clear trend, as some traits increased and 
others decreased (Figure 2a,b). The genotypic variations for most of the physiological traits were 
larger under heat stress than under control. This finding suggests that this collection possesses 
sufficient genetic plasticity to cope with the fluctuations of heat stress that plants are exposed to and 
highlighted the adaptability of these genotypes. 
The PCA revealed that GYPS contributes the major portion of the variation in the traits that have 
been grouped in the biplot dimension 1. This result is not surprising as grain yield is the main target 
of breeding programs. Thus, in the current study, GYPS was used to classify the genotypes into four 
classes based on the percentage reduction in GYPS due to heat stress. The four classes ranged from 
class A, which was the most heat-tolerant, to class D, which is the most heat-sensitive (Table 3). The 
spikes in class D had higher levels of floret sterility, which may explain their high sensitivity to heat 
stress. Sterility could be caused by heat sensitivity in anthers and pollen rather than in ovules. In 
barley, heat stress decreased grain yield by 69.5% [38]. The authors stated that this reduction was 
attributed to the increases in floret sterility by 20.5% [38]. Similarly, under high temperature (≥30 °C), 
lentil (Lens culinaris Medik) plants produced defective pollen [39]. In cereals such as maize and rice, 
heat stress caused several deleterious effects, including pollen desiccation, poor pollen germination, 
poor anther dehiscence, and shorter pollen tubes, which resulted in the reduction in grains per ear or 
panicle and subsequently grain yield [7,40]. Even if the anther were not affected, heat stress influences 
meiosis, fertilization, and the growth of the fertilized embryo, ultimately causing a noticeable 
reduction in grain yield [41]. Supporting the earlier research, our study, using the single-marker 
analysis (SMA) and gene annotation analysis, identified several genes involved in cell division, pollen 
tube development, and membrane stability under heat stress (Table 4); their functions will be 
discussed in details later. 
In our study, the plants at the grain filling stage were exposed to high day temperatures but also 
heat waves (Figure S1). These temperature fluctuations hastened grain filling by shortening the time 
to maturity, eventually resulting in poor grain quality and a reduction in grain yield [42]. High 
temperatures speed up rather than postpone the onset of anthesis, which switches on the 
reproductive stage before the accumulation of sufficient resources to later help fill the grain [43]. This 
conclusion is supported by the negative and significant correlations between the percentage changes 
in DTF with the changes in Str and Pro with r = −0.35** and r = −0.27*, respectively (Figure 4c). 
Moreover, the reduction in accumulated reserves under heat stress may occur due to the 
inhibition of growth-related metabolism involving numerous enzymes and hormones [44]. This 
finding suggests that heat stress strongly inhibited the resource accumulation in the grains of the 
genotypes that belong to class D, compared to the genotypes of category A that had the lowest decline 
in all yield-related traits. 
Most of the physiological traits increased under heat stress especially in class A, whilst class D 
showed a reduction in all these traits. For example, classes A, B, and C exhibited an increment in 
chlorophyll content during flowering. The changes in CCF were significantly and positively 
correlated with GYPS and YPP (Figure 4c), indicating that chlorophyll content is important for grain 
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filling and subsequently to yield-related traits. Our results agree with previous research in chickpea 
(Cicer arietinum L.), where a high photosynthetic rate positively and significantly correlated with 
yield-related traits [45], as in the case of class A in our study. It was noted that earlier heading in 
response to high temperature is profitable in the retention of more green leaves at anthesis, leading 
to increased evapotranspiration and a smaller reduction in wheat yield [46,47]. Furthermore, Lin et 
al. [48] found that in rice, chlorophyll composition and chlorophyll fluorescence were associated with 
the changes in grain yield. The reduction in chlorophyll content in group D might be attributed to 
the induction of chlorophyllase activity and reduction of the photosynthetic pigments by heat stress, 
hence causing less plant photosynthetic and respiratory activity [49]. 
Plant water status is important under heat stress conditions. Among all physiological traits, leaf 
WC is the single trait that declined in all classes, especially in class D (Figure 5). Retaining high water 
content under heat is essential for grain filling development, as demonstrated by positive significant 
correlations between the change in WC and all yield-related traits, namely GYPS and YPP (Figure 
4c). Plant water loss under heat stress is greater during the day due to an increased transpiration rate, 
ultimately impairing important physiological processes in plants [42]. The reduction in leaf water 
content in our study might reduce assimilate transport from leaves to the developing grains, thereby 
reducing grain reserved assimilates. It has been demonstrated that heat stress may limit mobilization 
at the vascular (phloem) or enzymatic level, hence reducing the flow of sucrose to the developing 
seeds [8,50]. 
The grain development and filling are primarily associated with the translocation of sucrose, 
and precursors of proteins, fats, and minerals from the leaves to grains [51]. Thus, in our study, the 
content of grain metabolites of different classes could be associated with the content of carbohydrates, 
proteins, amino acids, and proline. In our study, in class A, both Str and Carb elevated under heat 
stress (Table 3 and Figure 5) and recording the lowest reduction in water content, suggesting that the 
genotypes in this group have a more efficient enzymatic machinery that keeps the levels of both 
metabolites balanced. This result agrees with the results of Sita et al. [39], who found that sucrose, 
imported from the leaves or synthesized in seeds, is metabolized into glucose and fructose; glucose 
enters into the starch formation through various enzymes in the seed. Several studies found that 
plants retaining high carbohydrate levels upon heat stress were more heat-tolerant [52]. However, 
both Str and Carb markedly decreased in class D, indicating that heat stress in some genotypes 
inhibited the starch biosynthesizing enzymes, as well as those of hexoses biosynthesis. Similarly, 
Makonya et al. [45] found that starch and carbohydrate contents have been successfully used to 
discriminate between the heat-tolerant and heat-sensitive genotypes of chickpea. Our conclusion 
concurs with the research of Wilhelm et al. [14], who demonstrated that the reduction in wheat grains 
by heat stress was associated with a decline in starch, protein, and oil contents, as well as the low 
activity of ADP glucose pyrophosphorylase, glucokinase, sucrose synthase, and soluble starch 
synthase. Nagarajan et al. [53] stated that heat-tolerant genotypes should have a better photosynthetic 
rate and seed setting under high temperature relative to the sensitive ones. 
Overall, sugars are the most suitable source to energize most metabolic processes in plant cells. 
Additionally, they regulate other cellular responses to extracellular stimuli when they acted as 
osmotica to maintain cell turgidity or as a signal molecule. More likely, the reduction in WC 
decreased the reserves’ translocation, which diminished the grain reserve of Str and Carb by different 
magnitudes revealing class-dependency. 
Of the nitrogenous metabolites in plants, the role of proline and protein content to resist abiotic 
stress has been intensively investigated. In our study, only class D showed a decrease in proline 
content under heat stress. Frances et al. [54] concluded that the accumulation of proline increased the 
grain yield by maintaining leaf water potential. Proline accumulation under heat stress increased 
protein stability and stabilized the structure of the membrane bilayer [50]. Thus, genotypes that 
maintain high proline content without yield penalty are very valuable for breeding programs [55]. 
The accumulation of proline, proteins, and sugars in plants under stresses like drought and high 
temperature is an effective mechanism for plants to survive under harsh conditions by maintaining 
cell turgidity [51]. Noteworthily, PC strictly increased in class A, indicating the importance of PC to 
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tolerate heat stress. The reduction in PC in the remaining classes may be caused by the inhibition of 
protein biosynthesis enzymes [52]. This observation might explain the higher levels of AA in class B 
than in class A where reduction of PC could br in favor of AA accumulation. 
Proline and protein accumulation conferred heat and drought tolerance in maize during 
flowering and reproductive stages [51]. Overaccumulation of soluble protein was found to be 
associated with heat tolerance in tomato (Solanum lycopersicum L.) and wheat [56,57]. These results 
show the interdependency of the physiological and yield-related traits to ameliorate the deleterious 
effects of heat stress. This conclusion can be explained by the positive and significant correlations 
between the changes in Pro with the changes in yield-related parameters. Pro positively and 
significantly correlated with GYPS and YPP, with r = 0.58*** and r = 0.43***, respectively. 
Noteworthily, the changes in all physiological traits (except AA) had positive and significant 
correlations with GYPS. 
The significant positive correlations among the changes in GYPS with those of the physiological 
traits indicate that the increment of these traits may account for the increase in GYPS. Taken together, 
these traits are reasonable selection tools to select for heat tolerance; as the most tolerant, class A 
exhibited an increase in all of these traits relative to the remaining classes. 
Classifying the elite barley genotypes based on a reduction in GYPS and studying the 
physiological changes in each group facilitated our understanding of the physiological changes that 
the plant made to alleviate the effect of heat stress. This information will undoubtedly help plant 
breeders and agronomist to select genotypes which can increase proline content, chlorophyll content, 
starch content, and carbohydrate content, and hence lessen the reduction in leaf water content and 
grain weight. Selecting such genotypes is very important to be integrated into the breeding program 
to produce barley cultivars with suitable physiological parameters that alleviate the heat stress effect 
in barley. 
4.2. Single Marker Analysis and Candidate Genes 
Identifying genes and QTL controlling physiological traits under heat stress are needed in 
breeding and genetics programs to accelerate the genetic improvement of heat tolerance. Several 
SNPs showed significant associations with traits of interest. Among them, three SNPs—two on 1H 
and one on 4H—exhibited a pleiotropic effect, i.e., they regulate the variation in multiple traits at a 
time (Table 4). The gene annotation in the regions flanking these markers resulted in the identification 
of numerous genes that code different functional proteins (Table S3). Most of these genes reside on 
1H. Of these, the gene HORVU1Hr1G013210 encodes IQ-domain 2, that acts as a Calmodulin-binding 
(calcium-modulated) protein. Calmodulin is known as a membrane protein that is directly involved 
in the plant response to external stimuli, especially heat and hydration/dehydration status [58]. In 
Arabidopsis thaliana L., calmodulin was found to be involved in heat-tolerance by regulating the 
reactive oxygen species’ homeostasis. The calmodulin-related genes were expressed at higher levels 
in tolerant genotypes than in sensitive ones [59]. Additionally, the gene HORVU1Hr1G013450 was 
annotated as Alpha, alpha-trehalose-phosphate synthase, which regulates the biosynthesis of 
trehalose. Trehalose (a disaccharide) is a precursor of starch that helps plants to withstand abiotic 
stressors such as heat stress. Trehalose accumulation conferred tolerance against several abiotic 
stressors in rice by promoting carbohydrate accumulation and improving the photosynthetic rate 
[60]. Trehalose was found to act as a positive signal in starch biosynthesis and embryo development 
in Arabidopsis [61]. Furthermore, trehalose accumulation conferred heat tolerance in transgenic 
tomato (Solanum lycopersicum L.) overexpressing the Escherichia coli trehalose-6-phosphate 
synthase/phosphatase (TPSP) and triggered the expression of heat stress-responsive genes [62]. In 
barley grains, two trehalose phosphate synthase genes, HvTPS1 and HvTPS2, were upregulated 
under heat stress without a negative effect on grain filling [20]. The authors concluded that the 
induction of trehalose biosynthesis in grains under heat stress is a pivotal marker to select for heat 
tolerance in barley. In maize, the expression of trehalose-6-phosphate phosphatase increased grain 
yield by channeling more reserves to grain filling at the expense of stem reserves [63]. In addition, on 
1H, the gene HORVU1Hr1G013470 encodes Delta-aminolevulinic acid dehydratase. Its ortholog in 
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Arabidopsis, AT1G44318, was found to be involved in chlorophyll biosynthesis. The silencing of this 
gene in citrus leaves resulted in a reduction in chlorophyll levels, starch, and sucrose [64]. These 
results indicate that this gene is crucial for chlorophyll biosynthesis, and subsequently, starch and 
sucrose biosynthesis, which could explain our results that CCF is positively and significantly 
correlated with starch content (Figure 4a). Another important gene on 1H is HORVU1Hr1G013580, 
which was annotated as Importin subunit beta-1, which regulates protein transport. Its ortholog in 
Arabidopsis, AT5G53480, was found to be involved in protein transport and stomatal closure. The 
rice importin β1 has been found to be vital for pollen tube elongation, which is necessary for 
successful subsequent fertilization and embryo development [65]. This supports our conclusion 
about the role of floret sterility in reducing yield as a result of impairing pollen tube elongation. 
To sum up, the genes on 1H are regulating different biological and molecular processes that are 
essential for heat tolerance in barley during flowering, grain filling, and seed set. 
Among the genes that were identified on 4H, we will focus on the genes that code for proteins 
that are directly related to photosynthesis, pollen, and embryo development. Out of these, the gene 
HORVU4Hr1G034360 encodes nuclear transcription factor Y subunit C-3 (NF-YC), which regulates 
the transcription of genes that are involved in flowering and the positive regulation of 
photomorphogenesis. Sato et al. [66] found that the expression of these genes enhanced heat tolerance 
in Arabidopsis by regulating the expression of heat-shock factor A3 (HsfA3). Additionally, the 
transcription factor nuclear factor Y, subunit C4 (NF-YC) proteins modulated carbon and nitrogen 
partitioning between carbohydrate and protein biosynthesis [67]. The second gene on 4H is 
HORVU4Hr1G034650, which encodes protein ABERRANT POLLEN TRANSMISSION 1 (APT1). 
APT1 was found to be essential for membrane transport and pollen tube development in maize. The 
mutant (apt1) had a defective short, twisted pollen tube that resulted in poor fertilization [68]. The 
last gene on 4H is HORVU4Hr1G034750, annotated to U4/U6 small nuclear ribonucleoprotein PRP4-
like protein (snRNP) that regulates the embryo sac–egg cell differentiation. 
5. Conclusions 
Our study combined information on the changes in grain yield and important physiological 
traits to better understand heat stress tolerance in barley. Moreover, integrating the advances in DNA 
technology using genotyping-by-sequencing facilitated suggesting the potential candidate genes 
affecting heat stress tolerance in barley. Heat stress significantly reduced all yield-related traits, 
whilst many physiological traits increased. Grain yield per spike (GYPS), starch content (Str), protein 
content (PC), and proline content (Pro) discriminated the respective genotypes into four different 
classes from highly heat tolerant to very heat sensitive. Maintaining leaf water content, chlorophyll 
content stability, as well as starch rather than soluble carbohydrates content of grains are suitable 
selecting traits for heat tolerance. Chromosomes 1H and 4H harbor the most effective alleles/genes 
that may regulate some of the most important traits such as protein content and grain yield per spike. 
Our results provide a solid base to select for heat tolerance in barley using yield, physiological, and 
genetic parameters. 
Supplementary Materials: The following are available online at www.mdpi.com/2073-4395/10/11/1730/s1, 
Figure S1: Daily temperatures, Maximum (Max), minimum (Min); (a) March and April 2015, (b) March and April 
2016 at the experimental station of Assiut University; Figure S2: Histogram shows the distribution of the traits 
under control and pre-anthesis heat in barley; (a) Yield per plot (YPP), (b) Thousand kernel weight (TKW), (c) 
Day to flowering (DTF), (d) Chlorophyll content at flowering, (e) Water content (WC), (f) Protein content (PC), 
(g) Carbohydrates (Carb), (h) Starch (Str) and (i) Proline (Pro). Table S1: List of barley genotypes used in this 
study; Table S2: Table S2: List of all significant SNPs associated with the traits in barley under control and heat 
stress during anthesis and seed set; Table S3: Full description, annotation, and orthologs of the candidate genes 
on chromosomes 1H and 4H associated with the traits in barley under control and heat during flowering and 
seed set. The potential genes on each chromosome were considered in the discussion section are highlighted 
yellow. 
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